The red cell of the bullfrog Bufo vtdgaris was used to measure the intrarenaJ distribution of blood flow in the kidney of the dog. These cells were fixed in 1% glutaraldehyde and labeled with sodium pertechnetate ( WM Tc); they were 18 X 10/i in size and had a specific gravity of 1.076-a value close to that of the dog red blood cell. These cells had no discernible effect on systemic or renal hemodynamics after injection, did not agglutinate, were well mixed and evenly distributed throughout different areas of the renal cortex, and were completely extracted in one circulation through the kidney. When the renal cortex was divided into four equal zones, the fractional distribution of the frog red blood cells was 39, 33, 20, and 8* going from the outer to the inner cortex. These values were not significantly different from those obtained in the same dogs with radioactive microspheres-particles much denser than the frog red cells. In two other models involving intrarenal acetylcholine administration and hemorrhagic hypotension, there was no difference between the regional blood flow distribution measured with the frog red cell method and that measured with the microsphere method. However, with both acetylcholine infusion and hemorrhage, there was a redistribution of renal cortical blood flow to the inner cortex compared with the distribution determined by either method during hydropenia. Thus, a similar intrarenal distribution of blood flow was found with two indicators of different size, shape, and density. We suggest that the primary rheologic factor affecting a particle such as a frog red blood cell or a microsphere markedly diluted among circulating red cells is its interaction with these normal cells.
rheology hemorrhagic hypotension
• Recently, intensive investigation has been performed to determine what factors alter the intrarenal distribution of blood flow and what role these hemodynamic changes play in the regulation of sodium balance (1) (2) (3) (4) (5) (6) . However, since questions have been raised about each of the major methods used to measure regional blood flow in the kidney (7) , this area is still controversial. An ideal indicator of red cell flow has the following characteristics: (1) mixes completely at the site of injection, (2) causes no alteration in systemic or local hemodynamics at the time of injection, (3) is totally extracted in one pass through the organ under study, and (4) has a regional distribution which follows that of the red blood cell of the species under study. In most respects, the radioactive microsphere method follows these criteria. These particles are readily mixed after injection into the left ventricle (8) , have no local or systemic hemodynamic effect when they are given in a proper dose (5) , and are completely extracted (2) (3) (4) (5) . However, these spheres may be Theologically distinct from red cells because of their inflexibility, their greater density (1.3-1.4 vs. approximately 1.10 for the dog red cell [9] ), and their greater size (15/i vs. 7/x for the dog red cell). Therefore, we attempted to find another particulate marker that was extracted within the renal circulation and that more closely matched the characteristics of the dog red blood cell. This report summarizes the results of studies using the red blood cell of the American bullfrog Bufo vtdgaris to measure the intrarenal distribution of blood flow in the dog.
Methods
The red cells of Bufo vulgaris were prepared in the following fashion: 2 ml of frog blood was drawn and defibrinated by constant agitation in a small flask containing 10-15 glass beads. This procedure also removed all of the platelets and over 50% of the white cells. After 15 minutes of agitation the blood and beads were separated with a gauze filter; the cells were then allowed to sediment in 15 ml of 220 mosmolar NaCl for 3-4 hours, and the supernatant fluid, the buffy coat, and the top layer of red cells were removed. The cells were washed once more in the saline solution, and the supernatant fluid was decanted. Then 3 ml of 220 mosmolar NaCl was added to the red cell button, and the suspension was agitated to prevent clumping of the cells during fixation. Approximately 15 ml of a 1% glutaraldehyde solution made up to 220 mosmoles/kg with NaCl was added to the cell preparation with constant gentle agitation for 20 minutes. The mixture was allowed to sediment overnight in the refrigerator, and the supernatant fluid was again decanted. The glutaraldehyde was used to prevent lysis of the cells after injection and to provide an acid medium. Incubation under acidic conditions was necessary for tight labeling of the radioactive marker. The cells were then resuspended in a 220 mosmolar solution containing 100 mosmoles mannitol/kg and 120 mosmoles NaCl/kg. The mannitol markedly decreased adherence of the red cells to the wall of the test tube and the syringe at the time of injection. Four to five million cells were taken from this solution and spun down; the supernatant fluid was then removed. Initially, the cells were incubated in a saline solution. However, this procedure led to suboprimal binding of sodium pertechnetate ( MM Tc) to the frog red blood cells. It was then found that incubation at a very low pH markedly increased the affinity, so the following procedure was used. The cells were resuspended in 3 ml of 0.1N HC1 to which was added a 1-ml solution containing 5-6 me of 9^T c followed by 50 mg of stannous chloride dissolved in 0.1 ml of absolute ethanol. The cells were then washed over an 8/u, Nucleopore filter (General Electric) with 10 ml aliquots of 220 mosmolar NaCl. By the fourth washing, the cell button contained approximately 2 me of radioactivity; the supernatant fluid averaged 2 /AC. The cells were then backflushed off the filter with 15 ml of the 220 mosmolar mannitol-saline solution. A cell count was obtained with a hemocytometer, and the preparation was examined for possible clumping. An appropriate volume was drawn and continuously agitated until injection.
The following procedures were carried out in anesthetized dogs weighing 17-25 kg. In four studies (group A), approximately 50,000 cells suspended in 5 ml of the mannitol-saline solution were injected into the left renal artery through a 21-gauge needle over a period of 5-10 seconds. During the intrarenal injection, all renal venous blood was collected simultaneously from a renal vein catheter for determination of radioactivity. The amount of radioactivity injected was determined by diluting an aliquot of the injectate. The amount of radioactivity in the syringe and the arterial line was also determined and subtracted from the injectate value to determine the true amount of radioactivity given. The residual in tiie syringe and CircuUtio* Rtsurcb, Vol. XXXII, ]mu 1973 tubing was always less than 10% of the injectate value.
In four studies (group B), approximately 500,000 labeled cells suspended in 10 ml of the mannitol-saline solution were injected over a period of 30 seconds through a Goodale-Lubin standard wall catheter placed in the left ventricle. The syringe was then flushed with 10 ml of the mannitol-saline solution. Just prior to injection, the right renal artery was clamped. The occlusion was removed 2 minutes later. The kidney rapidly reexpanded and began to make urine. Thirty minutes later, both kidneys were removed. By this time, urine flow was approximately equal on the two sides.
In 13 control hydropenic dogs (group C), red cell injections .were given through a left ventricular catheter in the manner described for group B.
In six studies (group D), a red cell injection was given 15-20 minutes after an infusion of acetylcholine (40 //,g/min) into the left renal artery was begun.
In seven studies (group E), a red cell injection was given 30 minutes after tie dog had been subjected to hemorrhage until a mean pressure of 65-70 mm Hg was achieved. The method of hemorrhage has been described previously (10) .
In groups C-E, an injection of approximately 400,000 radioactive microspheres (15-20 uc) 15 ± 2^i in diameter was also given. The nuclide used was 88 Sr. The order of injection was alternated. At the end of the experiments, the kidneys were removed and sectioned in a manner previously described (2) . In groups C and E, either kidney was used for analysis, but in the acetylcholine studies (group D) the left kidney was sectioned. The cortex was divided into four equal zones which will be called zones 1-4 going from the outer to the inner cortex. In addition, sections of liver and spleen were obtained in several studies. The sections were counted in a Packard Auto-Gamma counter. There was a 12% crossover of the 85 Sr counts in the 99M Tc channel which was subtracted to obtain the true MM Tc counts. Because of the short half-life of ""Tc, appropriate decay corrections were made; however, in most studies, these corrections were less than 10%.
The specific gravity of dog and frog red blood cells was determined by the plummet method, originally described by Westphal (11) .
CALCULATIONS
The method of calculating the corrected fractional distribution of renal cortical blood flow has been previously described (2) . Results are expressed as means ± SE. Statistical differences were determined by standard methods. Figure 1 shows a blood film of Bufo vulgaris; the red cells are elliptical in shape with dimensions of approximately 18 X Kfyi. The glutaraldehyde-fixed frog red blood cells had a specific gravity of 1.076 (N = 5), and the dog red blood cells had a specific gravity of 1.089 (N = 4)-a value quite similar to that previously reported by Schalom (9) .
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Blood film of Bufo vulgaris.
Injection of frog red blood cells caused no alteration in pulse rate, cardiac rhythm, or blood pressure in the dogs. In two studies, injection of frog red blood cells had no effect on renal blood flow measured by a Medicon electromagnetic flowmeter. This observation is consistent with the previous findings of Slotkoff et al. (5) that an injection of this number of particles has no effect on renal hemodynamics (5) . Histologic studies revealed that the frog red blood cells were localized totally in glomeruli (Fig. 2) . In addition, the frog red cells were not found in aggregates in the glomerulus or the larger arterial vessels of the kidney. Similar histologic study of liver and spleen also revealed no aggregation of the frog red cells. In preliminary studies, frog red blood cells that had not been treated with glutaraldehyde rapidly agglutinated when they were incubated in dog plasma. However, no appreciable agglutination of glutaraldehyde-treated frog red cells occurred up to I hour after incubation. Therefore, fixation of the
Histologic section of dog glomerulus demonstrating an entrapped frog red blood cell in a peripheral capillary (arrow).
red cell membrane with glutaraldehyde diminished the antigenic potency of the frog red cells in dog plasma. Also, it should be noted that a dilute solution of frog red blood cells was given at a slow injection rate. Therefore, it is not surprising that aggregation of the frog red cells was not found. In any case the histologic evidence indicated that the particles were not aggregated, that they were localized in the glomerular capillaries, and that they could, therefore, be used as an index of glomerular perfusion rate.
EXTRACTION STUDIES
In four studies (group A), the extraction of the frog red blood cells was determined by comparing the amount of radioactivity injected with the amount recovered in renal venous blood. The mean renal venous recovery in these studies was 1.1% of the amount injected. In addition, it should be noted that approximately two-thirds of this radioactivity was in the plasma layer and not the buffy coat, indicating that this renal venous radioactivity was primarily due to the small amount of MM Tc that was either free or bound to plasma proteins. Therefore, extraction of the frog red blood cells was virtually complete in one pass through the kidney.
In the four studies of group B, the cortical radioactivity (counts/min g" 1 ) in a kidney that had received frog red blood cells was compared with that in a kidney that had been occluded for the brief period of injection. Urine flow and sodium excretion were not significantly different on the two sides at the time of removal of the kidney. These studies were performed to determine what percent of the total counts was due to the free "MT C sti ll circulating at the time of removal of the kidney. This remaining circulation could conceivably have presented a technical problem, since a portion of free 99U Tc is excreted by the kidney (12) . However, the ratio of the counts/min g" 1 in the injected kidney to that in the contralateral kidney was 58.5, indicating that less than 235 of the counts could be accounted for by nonspecific 69M Tc in the renal vasculature or the tubular fluid. In addition, these data also indicate the stability of 9BM Tc on the frog red blood cell within the kidney that received the marker.
To determine whether the frog red blood cells were well mixed in the circulation and whether they were evenly distributed throughout the cortex, a comparison was made of the counts/ min g~x in each of the four cortical zones in two noncontiguous areas (A and B) of the cortex. As is shown in Figure 3 , there was a good correlation between the counts/min g -1 in areas A and B in the 24 tissue sections from six experiments with a ratio of 1.00 ± 0.02. Therefore, these data demonstrate equal dispersement of the frog red blood cells 
Comparison of the counts/min g-' in two noncontiguous areas (A and B) of the renal cortex after a single injection of frog red blood cells.
between two different portions of the cortex and suggest that the marker is adequately mixed after injection.
COMPARISON OF CORTICAL DISTRIBUTION MEASURED WITH FROG RED BLOOD CELLS AND RADIOACTIVE MICROSPHERES
The results of these studies are summarized in Table 1 . In the 13 control studies (group C), there was no significant difference between the fractional distribution of flow in any cortical zone measured with the frog red blood cells and that measured with the microspheres. The fractional distribution of the frog red cells was 39, 33, 20, and 8% in zones 1-4, respectively; values of 41, 33, 19, and 1% were 
Fractional IHstribution of Cortical Blood Flow Measured by Frog Red Cell and Microsphere Methods
Discussion
In the present study, we described a method in which the intrarenal distribution of blood flow was measured with the red blood cell of the American bullfrog Bufo vulgfiris. It was demonstrated that, on injection of this marker, there was no discernible alteration in systemic or renal hemodynamics. The data in Figure 3 demonstrate that the cells were evenly distributed throughout the kidney, indicating adequate mixing after left ventricular injection. In addition, the cells were totally extracted in one pass through the kidney, and the label was quite tightly fixed to the marker. The histologic studies indicated that the frog cells were totally trapped in the glomerulus (Fig. 2) . In addition, there was no clumping of frog red blood cells in the vasculature of the kidney or the other viscera evaluated. This finding is not surprising, since the in vitro agglutination studies indicated that treatment of the red cell membrane with glutaraldehyde prevented any significant aggregation of this foreign cell. Also, this type of phenomenon was made further unlikely by the slow injection of a very dilute solution of the frog red cells. Therefore, these data indicate that frog red blood cells can be used to measure regional blood flow in the kidney and, because of their exclusive localization in the glomerular circulation, are a marker of glomerular perfusion rate.
As shown in Table 1 , the distribution of frog red blood cells during hydropenia was 39, 33, 20, and 8% in zones 1-4, respectively. These values were not significantly different from the regional flow data obtained from the same sections with the radioactive microsphere method. Also, as shown in Table 1 , there was no significant difference in the distribution of the frog red cells and the spheres during acetylcholine administration or hemorrhagic hypotension. In addition, with both markers, there was a marked redistribution of flow to inner cortical nephrons during acetylcholine infusion and hemorrhage compared with the distribution during hydropenia. These data agree with results previously obtained using the microsphere method (2, 10) . This finding indicates that markers of varying size, shape, and density reveal a similar regional blood flow pattern in hydropenia and in two different experimental models.
The principal criticism of the radioactive microsphere method has been the possible rheologic differences between this rigid sphere and the red blood cell of the species under investigation. In the dog, the red blood cell is spherical and has a diameter of approximately 7FI and a density of approximately 1.10. The microsphere has a diameter of 15/A and a density of approximately 1.35. In contrast, the frog red cell is elliptical with dimensions of 18 X 10/t and has a density of 1.08. The present studies demonstrated that particles with major differences in density had a similar intrarenal distribution in a variety of experimental settings. Also, since the frog red blood cell has a similar density to that of the dog red cell, this glutaraldehyde-fixed cell more closely approximates the normal red blood cell. Yet, both the microsphere and the frog red cell are rigid structures and are considerably larger than the dog red blood cell. Previously, McNay and Abe (2) found no difference in the distribution of flow with 18/z. and 36/x spheres, but Katz et al. (4) reported a greater outer cortical blood flow rate with 30fi than with 15/A spheres. However, in this latter report, no consistent difference was found between 15fi and 7-10/i, beads. Although more information is needed to evaluate the distribution of particles of different dimensions, it would seem, from these two previous studies, that the size of the markers used in the present work (18 X LO^X and 15/x.) was not a major determinant of their distribution.
Both the microsphere and the frog red blood cell are nondeformable, and this characteristic also might cause a major rheologic difference from the dog red blood cell. In the previous evaluations of the radioactive microsphere method, it has been suggested that these heavier, larger, nondeformable particles are more subject to axial migration than are the normal red cells traversing the renal circulation (2) (3) (4) (5) . However, a number of previous experimental results contradict this view (2, 3, 5) . The present finding that particles with a density similar to that of a dog red blood cell have the same distribution of flow as the radioactive microsphere is further evidence against this suggestion. Yet it is not surprising that the rigid microsphere does not demonstrate axial streaming. Goldsmith (13) , in an extensive series of elegant studies, has demonstrated that at relatively low Reynolds numbers (as would be the case in the smaller arteries of the renal vasculature) rigid red blood cells that have been treated with glutaraldehyde or inert spheres do not migrate to the center of the axial stream but that normal red blood cells readily demonstrate this phenomenon. This finding indicates that deformability of the particle is necessary for axial migration under the circumstances tested. Therefore, a rigid particle such as a microsphere or a frog red cell would seem to have less of a tendency to axial streaming. That no discernible red cell streaming occurs in the kidney of the dog has recently been shown by Stein and associates (14) and confirmed by Knox et al. (15) . Samples were obtained from efferent arteriolar blood of superficial nephrons of the dog by micropuncture techniques, and protein concentration and hematocrit were analyzed. From this procedure and the simultaneous collection of femoral artery blood for determination of systemic protein concentration and hematocrit, the superficial nephron nitration fraction was determined. If significant red cell migration occurred, the filtration fraction obtained by the hematocrit method should have been higher. In fact, during both a control setting and druginduced renal vasodilatation, the values obtained by the two methods were identical. How can this finding be reconciled with the axial migration of normal red blood cells found by Goldsmith? His findings were obtained in very dilute red blood cell solutions and might not be applicable in whole blood where red cell-red cell interaction could significantly reduce the size of the plasmatic zone. Goldsmith (13) has, in fact, suggested that this zone is probably no larger than 4//., even in larger vessels. Only at a very low rate of shear as would occur in the microcirculation, especially in association with rouleaux, could a large, particle-free layer be formed (13) .
In summary, the present work evaluated the intrarenal distribution of blood flow in the kidney of the dog using a marker whose density is quite similar to that of the dog red blood cell. The values obtained with the frog red blood cell and the more dense radioactive microspheres were similar in control dogs and dogs subjected to acetylcholine Circulation Ruttrcb, Vol. XXXII, /«M 197} administration and hemorrhage. Therefore, particles of different size, shape, and density seemingly demonstrated similar rheologic properties. Although emphasis has been placed on the individual properties of a given particle as the major factor determining its flow characteristics, it must be remembered that these particles are essentially infinitely diluted after injection into the circulation. Alternatively, the primary rheologic factor affecting a particle such as a frog red cell or a microsphere markedly diluted among circulating red cells may be its interaction with these normal cells. Blackshear and associates (16) have evaluated the interaction of red cells with other particles. Their data demonstrate the importance of the tumbling and migration of red cells on the linear velocity of various dilute solutions of particles. In fact, the velocity fluctuation of a dilute solution of 8-13/1 spheres, frog red cells, or 8/i human red cells was similarly affected by particle-particle interaction in a 50$ concentration of 8/4 human ghost cells. Therefore, differences in size, shape, or density of a given particle may have only a minor effect on determining its distribution in comparison with the effect of its interaction with the surrounding red cells. If this speculation is correct, then it would follow that a frog red blood cell or a microsphere is indeed a valid marker of regional red cell flow in the kidney.
